ABSTRACT
Proline utilization A proteins (PutAs) are bifunctional enzymes that catalyze the oxidation of proline to glutamate using spatially separated proline dehydrogenase and pyrroline-5-carboxylate dehydrogenase active sites. Here we use the crystal structure of the minimalist PutA from Bradyrhizobium japonicum (BjPutA) along with sequence analysis to identify unique structural features of PutAs. This analysis shows that PutAs have secondary structural elements and domains not found in the related monofunctional enzymes. Some of these extra features are predicted to be important for substrate channeling in BjPutA. Multiple sequence alignment analysis shows that some PutAs have a 17-residue conserved motif in the C-terminal 20-30 residues of the polypeptide chain. The BjPutA structure shows that this motif helps seal the internal substrate-channeling cavity from the bulk medium. Finally, it is shown that some PutAs have a 100-200 residue domain of unknown function in the C-terminus that is not found in minimalist PutAs. Remote homology detection suggests that this domain is homologous to the oligomerization beta-hairpin and Rossmann fold domain of BjPutA.
INTRODUCTION
The oxidation of proline to glutamate, i.e. proline catabolism, is catalyzed by two enzymes, proline dehydrogenase (PRODH) and pyrroline-5-carboxylate (P5C) dehydrogenase (P5CDH) (Figure 1 ). The former catalyzes the oxidation of L-proline to P5C with concomitant reduction of an enzyme-bound FAD cofactor. The latter enzyme catalyzes the oxidation of L-glutamate semi-aldehyde (GSA) to L-glutamate using NAD + as the electron acceptor. Note that the product of the PRODH reaction is not the substrate for P5CDH. Instead, the two reactions are coupled by the hydrolysis of P5C, which has traditionally been thought of as a nonenzymatic process. As noted by Phang over two decades ago, researchers typically refer to P5C and GSA interchangeably, since the two species are not distinguished in most experiments (1). Phang's observation remains valid today.
One interesting feature of proline catabolism is that PRODH and P5CDH are combined into a single polypeptide in some organisms ( Figure 2 ). The combined enzymes are known as proline utilization A (PutA) and were discovered by Roth's group in the late 1970s during their studies of proline utilization in Salmonella typhimurium (2) . Analysis of genome sequence data suggests that PutAs are limited to Gram-negative bacteria ( Figure 2 , branches 1, 2), whereas PRODH and P5CDH are separate enzymes encoded by distinct genes in Grampositive bacteria (branch 3B) (3). In eukaryotes, PRODH and P5CDH are also separate enzymes and are localized to mitochondria (branch 3A). Human PRODH is a p53-induced tumor suppressor protein localized to the inner mitochondrial membrane and is often referred to as POX to emphasize its role as a superoxide-generating oxidase (4) (5) (6) (7) (8) (9) (10) (11) (12) . Human P5CDH (ALDH4 (13) ) is also induced by p53 (14) and is located in the mitochondrial matrix. ALDH4 has been characterized biochemically, including elucidation of the oligomeric state in solution (dimer) and kinetic mechanism (15, 16) .
The PutA part of the PutA/PRODH/P5CDH family tree has two branches (3, 17) . Branch 1 primarily consists of PutAs from alpha-, beta-, and gammaproteobacteria. Branch 2 includes PutAs from delta-and epsilon-proteobacteria as well as cyanobacteria. The PutAs in branch 1 have chain lengths from 999 to almost 1400 residues, and the pairwise sequence identities are greater than 38 %. The polypeptide length for branch 2 PutAs ranges from around 980 to almost 1300 residues, and the pairwise sequence identity range can be as low as 23 %. Thus, branch 2 PutAs appear to be a more diverse group than branch 1 PutAs. Between branches 1 and 2, the pairwise sequence identities are typically less than 30 %. Nevertheless, the residues in the PRODH and P5CDH active sites are highly conserved, indicating that the three-dimensional structures of the catalytic domains are conserved by PutAs. Whether the three-dimensional arrangement of the catalytic and other domains is likewise conserved remains to be determined.
PutAs are further classified as bifunctional or trifunctional. Bifunctional PutAs exhibit only PRODH and P5CDH catalytic activities, have polypeptide chain lengths in the range of ~980 residues to over 1300 residues, and are found in both PutA branches. Bifunctional PutAs from Bradyrhizobium japonicum (BjPutA, (18) (19) (20) ) and Helicobacter species (21-23) have been studied. Trifunctional PutAs constitute a subset of branch 1 PutAs and are distinguished by the presence of a DNA-binding domain (a ribbon-helix-helix domain) in the first ~50 residues of the polypeptide chain. The polypeptide chain length of trifunctional PutAs are in the range of ~1270-1361. In addition to functioning as dual PRODH/P5CDH enzymes, trifunctional PutAs have a third function of repressing transcription of the put regulon, which contains the genes encoding PutA and the proline transporter PutP, when proline levels are low (24) (25) (26) (27) .
High levels of proline in the bacterium's environment cause PutA to disengage from the put control region thus activating transcription of putA and putP. Thus, trifunctional PutAs are remarkable proteins that link transcription and metabolism in response to an environmental cue (proline level). Trifunctional PutAs from S. typhimurium (25, 26, (28) (29) (30) (31) and Escherichia coli (EcPutA) (24, 32-46) have been studied. PutA from E. coli is the most studied trifunctional PutA and is considered to be the archetypal trifunctional PutA.
The observation that enzymes catalyzing successive reactions in a metabolic pathway are combined into a single polypeptide chain as in PutA has intriguing implications. First, the covalent linking of the two active sites may allow the transfer of the reaction product of one enzyme to the next without equilibrating with the bulk medium. Substrate channeling is the term used for such kinetic mechanisms, and Arentson et al. provide a review of substrate channeling in proline metabolism in this issue (47) . Two limiting channeling mechanisms are possible: direct transfer and proximity. In the former, the intermediate moves through an internal cavity or tunnel connecting the two active sites without leaving the confines of the protein. Proximity refers to a spectrum of cases in which the reaction product dissociates from the first enzyme but encounters a locally high concentration of the second enzyme and thus does not truly equilibrate with the bulk medium. There are potential advantages of substrate channeling, including decreased transit time between enzymes, protection of labile intermediates, and isolation of intermediates from competing enzymatic reactions (48) (49) (50) . The latter point is relevant for proline metabolism, because P5C/GSA is common to proline catabolism, proline biosynthesis, and arginine biosynthesis. Another implication of fused enzymes was recognized by Eisenberg's group in 1999 and concerns the prediction of protein-protein interactions (51) . The basic idea is that the observation that two proteins are separate in some organisms and fused in others implies that the two separate proteins form a functional association. Thus, protein fusion (or gene fusion) provides the 'Rosetta stone' for identifying potential protein-protein interactions.
In proline catabolism, for example, the Rosetta Stone hypothesis suggests the possibility that monofunctional PRODH and P5CDH interact and engage in intermolecular substrate channeling.
Three-dimensional structural studies have contributed to our understanding of proline catabolic proteins. Crystal structures have been solved for the monofunctional PRODH and P5CDH enzymes from Thermus thermophilus (TtPRODH (17, 52, 53) , TtP5CDH (54, 55)), the DNA-binding domains of two trifunctional PutAs (56-58), a PRODH domain construct of EcPutA (EcPutA86-630, (46, (59) (60) (61) (62) ), and full-length BjPutA (63) . Here, we use the BjPutA structure as a platform for identifying the unique features that distinguish PutAs from their monofunctional relatives and to gain insight into the structure and function of the C-terminal domains of PutAs.
COMPARISON OF A BIFUNCTIONAL PUTA WITH MONOFUNCTIONAL PRODH AND P5CDH

Structure of a minimalist PutA
PutA from Bradyrhizobium japonicum (BjPutA) is one of the simplest of bifunctional PutAs. At 999 residues in length, it is the shortest branch 1 PutA known and is thus considered to be a minimalist PutA. We recently reported the crystal structure of BjPutA (PDB code 3haz), which is the first structure of a full-length PutA. The structure shows that PutAs are more than simply a fusion of two catalytic domains. The protomer comprises seven domains: arm, alpha, PRODH barrel, linker, NAD + -binding, P5CDH catalytic, and oligomerization domain ( Figure 3A ). The PRODH active site is located in a distorted (beta-alpha) 8 barrel. The barrel structure is very similar to that of EcPutA (59) . The P5CDH active site is located in the interface between the NAD + -binding domain and the P5CDH catalytic domain. The two active sites are separated by 41 Å and connected by a large, irregularly shaped internal cavity (silver surface in Figure 3A ). This cavity most likely functions in substrate channeling, as described in this issue (47) .
Oligomerization is essential for substrate channeling in BjPutA. The enzyme forms a U-shaped dimer ( Figure 3B ), and two of these dimers assemble into a ring-shaped dimer-of-dimers tetramer (see reference (63) ). The dimer shown in Figure 3B is the relevant oligomeric state for understanding substrate channeling, so we will describe it in detail here. Dimerization is mediated by an oligomerization domain (orange in Figure 3 ) that protrudes from the NAD + -binding domain. The oligomerization domain consists of two elements that are far apart in sequence, a beta-hairpin formed by residues 629-647 and a beta-strand followed by a short helix at the C-terminus of polypeptide chain (residues 976-989). The C-terminal strand of the oligomerization domain of one protomer forms main chain hydrogen bonds with the beta-sheet of the P5CDH catalytic domain of the other protomer to form a large, twisted intermolecular beta-sheet ( Figures 3B and  3C ). This type of oligomerization is an example of domain swapping (64) . Both the bipartite oligomerization domain and the domain-swapped dimer are conserved by aldehyde dehydrogenases. In BjPutA, the oligomerization domain not only mediates dimerization but also covers the cavity of the other protomer ( Figure 3C ). Without the lid provided by the oligomerization domain, the cavity would be open to the bulk medium. Thus dimerization appears to be essential for formation of the substrate channeling cavity. The sealed, internal cavity is consistent with direct transfer rather than proximity as the predominant mechanism of substrate channeling in BjPutA.
The PutA PRODH barrel has an extra helix involved in FAD binding and substrate channeling
Both the PutA PRODH domain and the monofunctional enzyme TtPRODH exhibit the distorted (beta-alpha) 8 barrel that is characteristic of the PRODH/PutA family. As shown in Figure 4 , the two folds are nearly identical; the RMSD between the two proteins is 2.0 Å for 256 aligned residues. In both structures, the FAD is bound at the C-terminal ends of the strands of the barrel. The fold is unusual in that the final helix, alpha8, sits atop the barrel rather than alongside beta8 as in the classical triosephosphate isomerase barrel.
Helix 8 contains residues that are critical for substrate recognition, including a conserved Arg-Arg motif that has been shown to bind the substrate carboxylate group (60) . Both PutA and the monofunctional PRODH exhibit this distortion of the classical (beta-alpha) 8 barrel fold.
Despite the similarities in overall fold and amino acid sequence (28 % identity), there is an important difference between monofunctional PRODH and PutA. The PutA PRODH barrel has an extra helix (alpha5a) inserted between beta5 and alpha5 ( Figure 4 ). This additional secondary structural element is also present in EcPutA86-630, suggesting that it is conserved in branch 1 PutAs. Helix 5a contains a conserved tryptophan residue (Trp346 in BjPutA, Trp438 in EcPutA) that stacks against the FAD adenine ( Figures 3C and 4) , and this interaction presumably contributes to the different FAD conformations in PutA and TtPRODH, as described previously (17) . The BjPutA structure reveals a new function for helix 5a. The helix forms a large section of the wall of the internal The three helices of TtPRODH that precede the barrel are labeled alphaA, alphaB, and alphaC. Two orthogonal views are shown.
substrate-channeling cavity ( Figure 3C ), and its absence would leave a large hole to the bulk medium. Thus, helix 5a seems to be essential for channeling in PutA.
Finally, we note that TtPRODH has three additional helices that precede the start of the barrel (alphaA, alphaB, alphaC in Figure 4 ). These helices are located in the vicinity of the alpha domain of BjPutA, but they do not superimpose well with any of the helices of the alpha domain.
An extra helix at the C-terminus of PutA plugs the substrate-channeling cavity
The structure of the monofunctional enzyme TtP5CDH is very similar to that of the P5CDH half of BjPutA ( Figure 5 ). The sequence identity of TtP5CDH to PutA is about 38 %, implying substantial structural similarity. Indeed, the RMSD between the two proteins is 1.4 Å for 463 residues. Both enzymes exhibit the characteristic aldehyde dehydrogenase fold (65) , which consists of three domains, NAD + -binding, catalytic, and oligomerization. (The oligomerization is also referred to as the bridging domain (65) and beta-flap (63)). The NAD + -binding domain is structurally contiguous but actually consists of three separate sections of the polypeptide chain, as indicated in the domain diagram in Figure 3A . Sections 1 and 2 are separated in primary structure by the betahairpin of the oligomerization domain, while sections 2 and 3 are separated by the P5CDH catalytic domain. Section 2 exhibits a variation of the Rossmann dinucleotide binding fold. The classical Rossmann fold consists of two betaalpha-beta-alpha-beta motifs that form a 6-stranded parallel beta sheet with relative strand order 321456 (66) . The Rossmann domain of aldehyde dehydrogenase lacks the final strand and helix and is thus referred to as a nonclassical Rossmann fold domain. The catalytic domains of TtP5CDH and BjPutA are also quite similar, as are the details of the P5CDH active sites (63) .
Closer inspection of BjPutA and TtP5CDH, however, reveals an important difference at the C-terminus ( Figure 5 ). Structure-based alignment of BjPutA and TtP5CDH shows that the BjPutA chain extends 14 residues past the final residue of TtP5CDH (Phe516). Some of these extra residues were resolved in the BjPutA structure, and they form a turn of helix that plugs a hole in the cavity wall ( Figure 3C ). Without this plug, there would be a significant hole in the cavity leading to the bulk medium. Interestingly, the extra residues of BjPutA are incompatible with the observed oligomeric state of TtP5CDH. TtP5CDH forms a hexamer, which can be thought of as a trimer of domain-swapped dimers. If the TtP5CDH chain were longer as in BjPutA, the C-terminus would clash with another dimer of the hexamer.
BjPutA has domains not found in the monofunctional enzymes
PutAs also have extra domains not found in the monofunctional enzymes, and the BjPutA structure exhibits three of them: arm, alpha domain, and linker ( Figure 3A) . The alpha-helical arm at the N-terminus (yellow in Figure  3A ) wraps around the PRODH barrel and sits below the linker. The arm domain is observed in both BjPutA and EcPutA86-630, indicating that it is conserved by branch 1 PutAs. The arm connects to the alpha domain, which is a globular domain consisting of 6 helices (green in Figure  3A ). The alpha domain contacts both the PRODH and P5CDH domains, as well as the oligomerization domain of the other protomer of the domain-swapped dimer ( Figures  3B and 3C ). Its strategic location at the confluence of three domains suggests that it is critical for properly orienting the two active sites for channeling and for formation of the internal cavity. We note that the alpha domain was disordered in the structure of EcPutA86-630, indicating that contacts with the P5CDH half of the enzyme are required for proper folding. As noted above, the alphaA, alphaB, and alphaC helices of TtPRODH are in the same general Figure 3A . NAD + is drawn in green sticks. location as the alpha domain of BjPutA. Whether these helices play a similar role as the PutA alpha domain is unknown.
The polypeptide that links the PRODH barrel to the NAD + -binding domain is also unique to PutA. The linker is not simply a flexible tether that keeps the two catalytic domains in close proximity, but rather has a welldefined structure that appears to be essential for maintaining the tertiary and quaternary structure of the enzyme. The linker (residues 465-509, violet in Figure 3 ) joins the C-terminus of helix 8 of the PRODH barrel to the N-terminus of the NAD + -binding domain. The 45-residue linker consists of 5 short helical segments that form a meandering U-turn, effectively redirecting the chain toward the P5CDH domain. We note that a nearly identical meandering U-turn is also found in the structure of EcPutA86-630, suggesting that the linker structure is conserved by branch 1 PutAs. Because of its wide, curved path, the linker traverses 100 Å, although the two residues it connects are separated by only 30 Å. The linker forms extensive interactions with other domains, which likely are essential for maintaining its three-dimensional structure. The majority of these interactions are with the PRODH domain (2000 Å 2 of inter-domain buried surface area) and the arm (1300 Å 2 ). The large contact area with the arm reflects the fact that the linker sits atop the arm, essentially tracking its curved path around the barrel. In fact, it is possible that the primary role of the arm is to help stabilize the conformation of the linker. In summary, the linker is a structural element that interacts with disparate parts of the polypeptide chain via noncovalent interactions, and as a result is important for properly orienting the two active sites and creating the substrate channeling cavity.
THE CONSERVED C-TERMINAL MOTIF OF BRANCH 1 PUTAS
The second element of the oligomerization domain contains a conserved sequence motif, which to our knowledge has not been described previously. Multiple sequence alignment (MSA) analysis reveals a conserved stretch of 17-residues located in the C-terminal 20-30 residues of branch 1 PutAs (Figure 6 ). The motif is found in both bifunctional and trifunctional branch 1 PutAs, but it does not appear to be present in branch 2 PutAs and monofunctional P5CDHs.
Based on the sequences analyzed, the consensus motif is Exxxxv[N or D]t [T or A]AaGGnaxL, where upper case denotes identity, lowercase denotes presence in over half of the sequences, and x denotes no significant conservation.
The BjPutA structure provides the threedimensional context of the conserved motif. The first 12 residues of the motif were resolved in the structure. The motif begins at the N-terminus of the final strand of the enzyme and extends beyond the helical plug. The identically conserved Glu at position 1 forms an intersubunit hydrogen bond to the backbone of Lys965. The Asn at position 7, which is Asp in some sequences, forms an intersubunit hydrogen bond with Lys351 ( Figure  3C ). Lys351 is highly conserved in branch 1 PutAs (Arg in some sequences) and is part of helix 5a of the PRODH barrel. As described above, helix 5A is not found in monofunctional PRODHs. Positions 9-11 form the turn of helix that plugs a hole in the cavity wall. This analysis suggests that that the C-terminal motif is important for formation of the substrate-channeling cavity.
BEYOND THE MINIMALIST PUTA
Many PutAs have chain lengths that are much longer than that of the 999-residue BjPutA, so it is natural to ask how these extra residues beyond the minimalist PutA are incorporated into the polypeptide chain. MSAs provide information about which domains are shared among PutAs and the locations of the extra domains of long PutAs. We will focus here on branch 1 PutAs, because the sequence identity is high within this group and the resulting trends are obvious. Although we have analyzed many branch 1 PutAs using MSAs, we present an alignment of just three due to space limitations. The results presented here are valid for the larger group. Figure 7 shows an MSA of BjPutA with a representative long bifunctional branch 1 PutA (Azoarcus PutA) and the archetypal trifunctional PutA, EcPutA. The alignment exhibits a long region of high identity (48 -59 % pairwise) corresponding to BjPutA residues 5-974. This region corresponds to the arm, alpha, PRODH, linker, NAD + -binding, and P5CDH catalytic domains of BjPutA. Note that there is a gap in the long PutAs corresponding to the beta-hairpin of the oligomerization domain (Figure 7, beta11) . The second region of high identity corresponds to the conserved Cterminal motif. These results suggest that all the domains described here for BjPutA are also present in the long PutAs except for the beta-hairpin, which appears to be abbreviated or absent. The MSA also indicates an extra domain at the N-terminus of trifunctional PutAs and another domain immediately preceding the conserved Cterminal motif in long branch 1 PutAs. The N-terminal domain is the ribbon-helix-helix DNA-binding domain. The function of the extra C-terminal domain is unknown.
The DNA-binding domain of trifunctional PutA
The DNA-binding domains of EcPutA and Pseudomonas putida PutA have been extensively characterized using X-ray crystallography, NMR, and an array of biophysical and biochemical techniques (56) (57) (58) 67) . The PutA DNA-binding domain has the ribbon-helixhelix (RHH) fold, which identifies PutA as a member of a large superfamily of transcription factors that includes Arc, MetJ, CopG, and NikR, among others. Schreiter and Drennan have written an excellent review on the RHH superfamily (68). The DNA-binding domain connects to the arm domain via a ~35-residue polypeptide (Figure 7) . No structural information is available for these residues, thus it is not known whether this polypeptide is a flexible tether or has a well-defined three-dimensional structure. The sequence identity of the linker is relatively low (results not shown), which perhaps argues in favor of a flexible tether. Furthermore, analysis of the sequences of several trifunctional PutAs using the Disopred server suggests a high probability of disorder within residues 50-80 (69).
The C-terminal domain of unknown function
MSAs indicate that trifunctional PutAs have a ~200-residue domain near the C-terminus (Figure 7 , EcPutA). Bifunctional PutAs of branch 1 that are longer than about 1100 residues also have this domain; the PutA from Azoarcus sp. BH72 is one example (Figure 7 , Az). Interestingly, long bifunctional PutAs of branch 2 also have an extra domain in the C-terminus, but it is not clear whether it is related to the C-terminal domain of branch 1 PutAs. Thus, we will restrict our discussion here to the conserved C-terminal domain of branch 1 PutAs, which we denote by CTD. Using BjPutA as a reference, the CTD is inserted between the third section of the NAD + -binding domain and the conserved C-terminal motif of the oligomerization domain. The size of the CTD ranges from about 130 residues to 220 residues.
Although the function of the CTD is unknown, amino acid sequence analysis provides some intriguing ideas to test. Analysis of over 2 dozen branch 1 PutA CTDs using the remote homology detection algorithm Figure 7 . MSA of three branch 1 PutAs: BjPutA (Bj, GenBank BAC52526.1), Azoarcus sp. BH72 PutA (Az, GenBank CAL96369.1), and EcPutA (Ec, GenBank AAB59985.1). BjPutA is a minimalist PutA. Az is a long bifunctional PutA. Ec is a trifunctional PutA. The secondary structure elements above the sequence blocks are from the BjPutA structure (PDB code 3haz). The secondary structure elements for the N-terminal ribbon-helix-helix domain are from a structure of the EcPutA DNA-binding domain (PDB code 2gpe). Symbols below the sequence blocks denote the following: green squares, substrate-channeling cavity; triangles, proline binding site; hexagons, FAD binding site; diamonds, NAD + binding site; ovals, GSA binding site; stars, catalytic Cys of the P5CDH catalytic domain and the Glu that is predicted to assist in hydrolysis of the thioacylenzyme. HHSearch (70, 71) suggests that the CTD is homologous to the beta-hairpin and Rossmann fold regions of aldehyde dehydrogenases. For example, using the CTD of EcPutA as the query, HHSearch returned 33 aldehyde dehydrogenases with probability scores ranging from 99.1 % to 99.9 %. The top match was BjPutA with a probability score of 99.9 and E-value of 7.7E-26. The alignment shows that the CTD of EcPutA is 25 % identical to residues 551-761 of BjPutA. In the other cases tested, the BjPutA beta-hairpin/Rossmann domain was also identified as the closest homolog, and the probability score was in the range 99.7-100.0 %. These results are indicative of meaningful homology.
The homology is evident in an MSA of BjPutA with the CTDs of several branch 1 PutAs ( Figure 8A ). The core region of homology corresponds to the beta-hairpin of the oligomerization domain and the Rossmann fold domain of BjPutA. The structure of this region is highlighted in green, yellow, and red in Figure 8B . The highest similarity is found in the beta-hairpin, which contains the conserved motif lpGPtGExN. This result is significant, because multiple sequence alignments show that long branch 1 PutAs have a gap corresponding to the beta-hairpin of BjPutA (Figure 7, beta11) . Thus, it appears that the betahairpin of the oligomerization domain has been shifted to the CTD in long PutAs.
In summary, remote homology detection suggests that the CTD includes a beta-hairpin that is homologous oligomerization domain of aldehyde dehydrogenases plus a Rossmann fold domain. Thus, long branch 1 PutAs are predicted to have two Rossmann fold domains, one that has high identity (~50 %) to the Rossmann fold domain of BjPutA and a second one in the CTD that has lower identity (14 -33 %).
SUMMARY
Comparison of the PutA structures to those of the monofunctional enzymes is useful for thinking about the possibility of protein-protein interactions predicted by the Rosetta Stone hypothesis. Several unique features of PutAs are absent in the monofunctional enzymes, including helix alpha5a, the arm domain, the alpha domain, and the linker domain. These components appear to be important for orienting the catalytic domains of the PutA protomer so that the two active sites face each other and for sealing the substrate-channeling cavity from the bulk medium. The absence of these PutA-specific structural features in the monofunctional enzymes, at least those from branch 3B, perhaps argues against the formation of an efficient PRODH-P5CDH channeling complex. However, kinetic measurements of substrate channeling and biophysical measurements of protein-protein association are still needed to test the Rosetta Stone hypothesis for monofunctional proline catabolic enzymes.
The CTD is the only PutA domain that has not been structurally characterized.
Remote homology detection suggests the tantalizing hypothesis that the CTD of branch 1 PutAs contains a beta-hairpin like the one in the oligomerization domain of aldehyde dehydrogenases and a Rossmann fold domain. Interestingly, remote homology detection did not find meaningful homology for the C-terminal domains of branch 2 enzymes. Thus, the Cterminal domains of branch 1 and 2 enzymes may differ in structure. These results raise several intriguing questions. Does the CTD bind NAD + or is it a pseudo-NAD + -binding domain that primarily plays a structural role? We note that the oxidation of GSA to Glu requires only one equivalent of NAD + and thus only one functional NAD + -binding domain is expected. Furthermore, the CTD is missing the NFP motif found in BjPutA residues Asn658-Phe659-Pro660 ( Figure 8A ). This motif is highly conserved by P5CDHs (including the first Rossmann domain of all PutAs), and the Asn residue is thought to help anchor the substrate in the oxyanion hole by forming a hydrogen bond with the epsilon O atom of GSA (54) . The absence of this critical residue argues against the CTD participating in catalysis. If the CTD plays a structural role, does the predicted beta-hairpin interact with the C-terminal strand and participate in domain-swapped dimerization? And, does it help cover the substrate-channeling cavity as in BjPutA? New biochemical and structural studies on PutAs designed to answer these questions represent an exciting next phase of research in proline catabolism.
